Abstract Corrosion inhibitive behavior of newly synthesized water soluble semiconducting polymer composite poly(vinyl alcohol-proline) (PVAP) is focused in this article. The polymer was characterized by FTIR, SEM-EDX, and XRD techniques. Thermogravimetry and differential thermal analysis proved the thermal stability of PVAP. Gravimetry and electrochemical techniques were employed to study the corrosion inhibition performance of PVAP on mild steel in molar hydrochloric acid. 0.6 % (wt.) of PVAP provides a maximum inhibition efficiency of 94 % at 303 K. The role of concentration of PVAP, exposure time and solution temperature on the mild steel corrosion has been investigated. The polarization results showed that PVAP acts as mixed-type inhibitor and could serve as an effective corrosion inhibitor for mild steel in acid medium. Surface morphology of the mild steel specimen by FTIR spectroscopy proved the formation of polymer film.
Introduction
Steels are the most important engineering materials and cover a wide range of alloys based on iron and carbon. Mild steel (MS) having [2 % carbon is of particular interest due to its high weldability, durability, and easy annealing capacity. MS find its role in almost every product created from metal due to its low cost and easy availability. Hydrochloric acid is the most commonly used pickling acid in industries [1] . The major industries use corrosion inhibitors are oil and gas exploration and production, petroleum refining, chemical manufacturing, water treatment, and the product additive industries to control the metal dissolution and acid consumption.
Industrial corrosion inhibitors are generally of organic or inorganic compounds. Organic inhibitors establish their inhibition via adsorption whereas inorganic compounds act as anodic inhibitors and the metallic atoms enclosed in the film improves its corrosion resistance. The extent of inhibition depends on factors such as functional groups, electronic structure, steric factors [2] [3] [4] . The polymer materials are having multiple adsorption sites for bonding with metal surface and provides higher inhibition efficiency than the corresponding monomers [5, 6] .
The polymers with higher molecular weight shows higher inhibition efficiency provided the polymers have good solubility [7] . Amino acids are good sources for hetero atoms with non-toxic nature, many literatures revealed the good corrosion inhibition properties of amino acids and its derivatives [8] [9] [10] for different metals. Owing to the high cost and biological importance of amino acids, they are not widely used as industrial corrosion inhibitors. Polyvinyl alcohol was reported as a corrosion inhibitor with 50-70 % [11] [12] [13] [14] inhibition efficiency depending on the metal-acid system. In our previous communications polyvinyl alcohol was composited with various amino acids like leucine, histidine, threonine, and cysteine which are reported to have more than 92 % inhibition efficiency in 1M HCl [15] [16] [17] . The present investigation reports the corrosion inhibition performances of poly(vinyl alcohol-proline) composite.
Potentiodynamic polarization, electrochemical impedance spectroscopy, and gravimetric methods were used to explore the enhanced corrosion inhibition of PVAP.
Experimental

Synthesis of poly(vinyl alcohol-proline)
Polyvinyl alcohol (140,000 gmol -1 ) and L-proline (115.13 gmol -1 ) obtained from Merck were used for the synthesis of poly(vinyl alcohol-proline). 10 % solution of PVA in 0.5 M oxalic acid was mixed together with 1 % solution of L-proline in 0.5 M oxalic acid, and the mixture was cooled to 0-5°C. Freshly prepared ammonium persulfate was added dropwise to the cold mixture with constant stirring. The reaction mixture was stirred well for 2 h using a magnetic stirrer and refrigerated for a day. The solution was made slightly alkaline (pH 8-9) with ammonia solution and the formed polymer composite was precipitated by addition of acetone. PVAP was characterized by FTIR, XRD, and SEM-EDX analysis.
Corrosion measurements
The electrochemical experiments were carried out using frequency response analyzer (Solartron model 1280B) with conventional three electrode system consisting of saturated calomel electrode (SCE) as reference electrode. Platinum foil was used as a counter electrode while mild steel specimens with 1 cm 2 area, and having a composition of (% by weight-0.196 Mn, 0.106 C, 0.027 P, 0.022 Cr, 0.016 S, 0.012 Ni, 0.006 Si, 0.003 Mo, and remainder Fe) was used as a working electrode. Prior to each experiment, the electrodes were immersed in the stagnant solution to attain a steady-state potential.
The gravimetric measurements were performed with the rectangular MS strips (1 9 5 9 0.15 cm) following the ASTM standard procedure [18] . The monitoring parameter is the mass loss resulted from the treatment of MS specimens with the aggressive solution. The corrosion rate surface coverage and inhibition efficiency of PVAP were calculated from the monitoring parameter using the standard relations as explained in our previous communications [15, 16] .
The synthesized inhibitor PVAP was characterized using FTIR spectroscopy and XRD techniques. FTIR spectra were done with Bruker-Tensor 27 spectrometer using Attenuated total reflectance (ATR) sampling technique whereas the XRD data were collected with Bruker-AXS GmbH, Karlsruhe, Germany, equipped with a Cu-Ka source, over an angle range of 5°-60°in 2h with a step width of 0.0167°. The surface morphology of PVAP was recorded using FEI quanta 200 analyzer.
Results and discussions
Characterization of polymer composite
FTIR spectroscopy
The FTIR spectra of PVA, L-proline and that of PVAP are presented in Fig. 1 . The FTIR spectrum of pure PVA showed the characteristic absorption bands for O-H, C-H, and C-O peaks. The band observed between 3,500 and 3,200 cm -1 are ascribed to the O-H stretching vibration. This band appeared as a broad one due to intermolecular and intramolecular hydrogen bonding in PVA chains. PVA showed vibration band at 3,000-2,800 cm -1 which are associated with C-H stretching vibration of the alkyl group. In addition to these bands PVA showed peaks due to C-H bending and deformations in the finger print region (900-500 cm -1 ). FTIR spectra of proline showed characteristic peaks for N-H and C=O stretching vibrations around 3,400 and 1,720 cm -1 , respectively. PVAP showed the main characteristic band of polyvinyl alcohol at 3,400 cm -1 which is due to OH stretching. This absorption band was broadened due to overlapping of NH stretching and the hydrogen bonding between the amide group of the polyamides and the OH group of polyvinyl alcohol. C-N stretching band was observed at 2,148 cm -1 . The band at 1,621 cm -1 clearly indicates the presence of 
X-ray diffraction studies
The XRD pattern for PVA and PVAP are provided in Fig. 2 
Scanning electron microscopy-EDX analysis
The surface morphology of the synthesized polymer composite (Fig. 3) depicts the presence of the binary phase in PVAP. The aminoacid (proline) polymerized and randomly distributed on the polyvinyl alcohol matrix. The elemental composition of the focused area and the marked portions (a and b) was taken by EDX analysis and are presented in Table 1 . The total nitrogen count of the focused area was around 10.58 wt% nitrogen. The nitrogen count of 'a and b' portions was around 0.02 and 9.82 wt%. This confirmed the compositing of polyproline phase randomly on the PVA matrix.
AC conductance measurement
The polymer composite was first made into a pellet of diameter 11.07 mm having a thickness 2.95 mm. The electrical connection was made using silver paste and copper wires. LCZ analyzer was used to measure the AC conductance of PVAP at the frequency ranging from 3 to 30000 kHz. The conductance of PVAP at different operating frequencies (Fig. 4 ) is found to be in the range of 10 -6 to 10 -4 Scm -1 , which lies in the range of semiconductors (10 3 to 10 -8 Scm -1 ). The polymer, PVAP differs from the well known conducting polymers such as poly aniline and poly pyrrole. The poly aniline and poly pyrrole are conducting because of the extended aromatic chains through which electron transfer occurs whereas in the case of PVAP such structures are not available. The conductance of PVAP may be due to the presence of large number of amino group which can be easily protonated.
Electrochemical measurements
Potentiodynamic polarization studies
Potentiodynamic polarization measurements were carried out to gain information regarding the kinetics of the anodic and cathodic reactions occur during the corrosion inhibition process. The polarization curves for mild steel in 1M HCl in the absence and presence of various concentrations of PVAP in the potential range of -250 to ?250 mV (vs. SCE) at a scan rate of 2 mV/s are shown in Fig. 5 . The electrochemical parameters viz. corrosion potential (E corr ), corrosion current density (I corr ) and Tafel slopes (b c and b a ) for the corrosion of mild steel in 1M HCl containing different concentrations of PVAP are summarized in Table 2 along with the calculated inhibition efficiencies (IE Icorr ) of PVAP. As the concentration of PVAP increases the cathodic and anodic curves are shifted and corresponding changes in the Tafel slope values indicated that the inhibitor controlled both the cathodic and anodic reactions without affecting reaction mechanism [19] .
On the addition of PVAP, the E corr values did not change significantly. Moreover, the displacements in E corr values are found to be less than 85 mV and hence PVAP is regarded as mixed-type inhibitor according to Riggs 1973 classification [20] . Even a very low concentration of PVAP reduces the current density to a considerable value. The suppression in current density increases (12.87-2.75 mA/ cm 2 ) as the concentration of the PVAP increases indicating more and more surface is covered by the inhibitor molecules.
Linear polarization resistance was calculated using the Stern-Geary theory for the potential range of -0.02 to ?0.02 mV with respect to the open circuit potential and is presented in Table 2 . It is clearly observed that in presence of PVAP the linear polarization resistance increases considerably which increases the inhibition efficiency, IE Rp (Table 2) .
AC impedance studies
Impedance measurements of the mild steel electrode at its open circuit potential in 1M HCl with and without PVAP were performed over the frequency range of 20 kHz to 0.1 Hz. The Nyquist and Bode representations of the impedance response of mild steel electrode in the absence and presence of PVAP are shown in Figs. 6 and 7, respectively. It is clear from the Nyqist representations that the plots are not perfect semicircles and this may be due to the frequency dispersion [21] . The experimental data are fitted with the equivalent circuit containing constant phase element, CPE shown in Fig. 6 . A phase angle shift at higher frequencies was observed in Fig. 7 with the successive addition of PVAP. This phase angle shift indicates the change in the electrode interfacial structure on the addition of the inhibitor. The continuous increase in the phase angle shift in the presence of the inhibitor was obviously correlated with the inhibitor film growth and with the increase in inhibitor coverage on the mild steel surface. The simulations are carried out to minimize the chi-squared valued to 10 -2 . This technique is useful in the determination of the double layer capacitance and charge transfer resistance of the system. The various impedance parameters such as charge transfer resistance, R ct and double layer capacitance, C dl are presented in Table 3 . As the concentration of PVAP increases the R ct value increases from 9.37 to 180.96 Xcm -2 whereas the C dl value decreases from 452 to 82 lF. This is attributed to the increase in the surface coverage by the inhibitors leading to an increase in inhibition efficiency to about 95 %. A decrease in the local dielectric constant and/or an increase in the thickness of the electrical double layer are responsible for the decrease in C dl values. The changes in R ct and C dl values were caused by the gradual replacement of water molecules by the polymer on the metal surface which decreases the extent of metal dissolution [22] .
Weight loss method
Weight loss, corrosion rate, and inhibition efficiency
During the corrosion process, the mild steel undergoes dissolution leading to base metal loss. Thus, it is conventional to monitor the mass loss of the metal coupons before and after acid treatment to measure the corrosion rate. The performance of PVAP inhibitor against uniform corrosion was thus investigated with immersion tests by monitoring the metal loss. The obtained mass loss was used to calculate corrosion rate, surface coverage and inhibition efficiency. The calculated parameters are provided in Table 4 . The variation of inhibition efficiency with immersion time for different concentrations of PVAP is shown in Fig. 8 . The figure also includes the inhibition efficiencies obtained for 0.6 weight percent of PVA (for the selected immersion period) which was only 72.5 %. On compositing 0.0047 mol of proline with polyvinyl alcohol increases the inhibition efficiency to 94.2 %. It is also apparent that the inhibition efficiency has increased from 78 to 94 % as the concentration of PVAP was increased from 0.06 to 0.6 % by weight. The maximum inhibition efficiency was observed at 0.6 % PVAP (by weight) and any further increase in concentration did not cause any appreciable change in the performance of the inhibitor thereby indicating the attainment of the limiting value. This effect may be due to the adsorption of the polymer composite onto the metal surface, which reduces the direct contact of the metal from the corrosive environment. The higher performance of PVAP is attributed to the presence of nitrogen and oxygen atoms, larger molecular size and linearity in the polymeric chain. As the immersion time increases, the inhibition performance also increases. The maximum IE value was obtained for 6 h, after that slight decrease in IE w was observed. As the time passes on the stability of adsorbed film decreases and results in desorption to attain the equilibrium.
Effect of temperature
Hydrochloric acid is the most important pickling acid used with concentrations raging from 5 to 15 mass% up to 80°C. The higher temperature can influence the corrosive interaction exist between the mild steel and the acidic medium in the absence and presence of the inhibitors. The performance of PVAP toward acid corrosion of mild steel at higher temperatures was studied, and the obtained results are shown in Fig. 9 . The inhibition efficiency increases with temperature up to 50°C, which indicates the stability of the adsorbed film at the studied temperatures. The increase in IE w up to 50°C may be due to the increased adsorption involving chemical interactions between PVAP and mild steel. With further increase in temperature, inhibition efficiency decreases which indicate the instability of the adsorbed film above 50°C. Similar type results were observed for the other amino acid polyvinyl alcohol composites [16, 17] . The increased hydrogen liberation caused the adsorbed polymer film to peel off from the metal surface there by exposing the base metal to acid which is susceptible for the corrosion attack. This results in higher corrosion rate at higher temperature thereby decreasing the inhibition efficiencies above 50°C. 
Corrosion kinetic parameters
Arrhenius suggested the famous relation which relates the temperature dependence on the rate of the reaction [23, 24] .
where, CR is the corrosion rate, E a is the apparent activation energy, k is the Arrhenius pre exponential factor, R is the gas constant (R = 8.314 JK -1 mol -1
), and T is the absolute temperature. The equation predicts the linear relationship between the corrosion rate and temperature (Fig. 10) . From the slope and intercept of the plots, the activation energy and the k values were calculated and are given in Table 5 . The data showed that the activation energy for the corrosion of mild steel in 1M HCl in the presence of inhibitor (57.74 kJ/mol) is higher than that in free acid (43.76 kJ/mol). This indicated that the used inhibitors considerably increase the activation energy of the corrosion process due to their adsorption onto the metal surface [25, 26] .
In the literature, the lower activation energy value for corrosion process in the presence of the inhibitor is attributed to its chemisorption, while the higher value is associated with its physical adsorption [27] . The increased activation energy in presence of the inhibitor suggests that adsorbed polymer create a physical barrier to charge and mass transfer, leading to lower in corrosion rate [28] . The value of k is also higher for the inhibited solutions than the uninhibited one. The variation of both E a and k with concentration reveals that activation energy is the deciding factor rather than k.
The transition state equation can be used to calculate the enthalpy (DH o ) and entropy of activation (DS o ) process for the formation of activated complex in the transition [29] .
where, h is the Planck's constant and N is the Avogadro's number. A plot of log (CR/T) versus 1/T (Fig. 11 ) gave straight lines with slope equals to -DH o /2.303R and intercept equals to [log(R/Nh) ? (DS o /2.303R)] from which DH o and DS o were calculated and listed in Table 5 .
The enthalpy of activation values is found to be positive in the absence and presence of inhibitor reflects the endothermic mild steel dissolution process. It is evident from the table that the value of DH o increased in the presence of PVAP than the uninhibited solution indicating higher protection efficiency. This suggested the slow dissolution and hence lower corrosion rate of mild steel [30] . Comparing the values DS o it is clear that the entropy of activation decreased in the presence of the studied inhibitor than that of the free acid. The low value of DS o supports the slower metal dissolution in the presence of PVAP. The change in free energy of activation (DG o ) of the corrosion process can be calculated at each temperature applying the basic thermodynamic relation,
The calculated DG o values at each temperature are listed in Table 5 . The values were positive and increased with increase in temperature. With increase in temperature, the spontaneity of the corrosion process increases indicating that the activated complex was not stable at higher temperatures. With the increase in concentration the free energy of activation increases results from the unstable activated complex at the rate determining transition state.
Adsorption isotherm and adsorption parameters
The basic information regarding the interactions between the inhibitor molecules and also with the mild steel surface can be revealed with the help of adsorption isotherms. For PVAP, the experimental surface coverage values at different temperatures were fitted to various isotherm models including Langmuir, Temkin, Frumkin, and Flory-Huggins. By far the tested models the best fit was obtained with the Langmuir isotherm which has been extensively used in the literatures for various metal inhibitor systems in acidic media [31, 32] . According to this isotherm, h is related to C inh by the relation,
where, K is the equilibrium constant of the adsorptiondesorption process. Figure 10 represents the Langmuir isotherm for the studied polymer composite at different temperatures and their corresponding parameters are summarized in Table 6 . From the intercept of the lines the equilibrium constant, K is calculated which is related to the standard free energy of adsorption, DG ads by the following equation [29] ,
where, R is gas constant in JK -1 mol -1 and T is absolute temperature. The value 55.5 is the concentration of water in solution. The values of DG ads on mild steel at various temperatures are calculated and presented in Table 6 . The DG ads values for PVAP adsorption on mild steel were found to be negative suggesting its spontaneous adsorption [33] . The values of DG ads are less than -20 kJ/mol reflecting the physisorption of PVAP.
Van't Hoff equation was used to calculate the other important thermodynamic parameters such as enthalpy (DH ads ) and entropy of adsorption (DS ads ) as per the relation [34] .
The plot of ln K against 1/T (Fig. 12 ) yields straight line with slope equals to (-DH ads /R) and intercept equals to (DS ads /R ? ln 1/55.5). The resulted enthalpy and entropy of adsorption are presented in Table 6 . The enthalpy of adsorption was found to be negative (-10.84 kJ/mol) indicating the exothermic adsorption of PVAP. The DS ads value is positive which attributed to the exothermic adsorption process accompanied by the increase in entropy [35] .
The enthalpy and entropy of adsorption were also calculated from the plot of DG ads against T according to the basic Fig. 12 Plots of lnK against 1/T and DG ads vs. T for PVAP adsorption on mild steel (Fig. 13) . From the slope and intercept of the straight line, entropy and enthalpy of adsorption values are calculated (Table 6 ) which are in good agreement with the Van't Hoff's enthalpy and entropy of adsorption. These results corroborated a strong adsorption of the polymer composite on the metal surface [35] .
Surface analysis
The surface analyses of the mild steel specimens after treatment with 1M HCl in the absence and presence of PVAP were carried out to confirm the adsorption of the polymer composite on the mild steel specimens. Figure 13 represents the FTIR spectra of corroded mild steel and the PVAP treated mild steel. The corroded surface shows peaks at 3,480-3,255 and 649 cm -1 corresponding to that of Fe 2 O 3 . In case of polymer-treated mild steel, appearance of peaks around 3,710, 3,583, 2,360, and 1,515 cm 
Conclusions
The studied PVAP shows excellent inhibition properties toward mild steel acid corrosion. The inhibition efficiencies obtained in potentiodynamic polarization, impedance, and gravimetric methods are in good agreement with each other. The polarization studies proved PVAP to be a mixed-type inhibitor. The corrosion parameters changed drastically on the addition of PVAP in such a way to increase the inhibition efficiency with concentration and immersion time. The activation parameters reflect the endothermic metal dissolution process. The adsorption of PVAP follows the Langmuir isotherm model and the values of the free energy of adsorption indicate its spontaneous physical nature. FTIR studies confirmed the adsorption of PVAP on the mils steel surface. distribution, and reproduction in any medium, provided the original author(s) and the source are credited.
